Notched tensile strength (NTS) and impact toughness were determined for Ti-6Al-6V-2Sn laser welds subjected to post-weld heat treatment (PWHT) at distinct temperatures. In this study, the specimens were either preheated at 300 C or maintained at room temperature before laser welding. The preheated weld, associated with a reduced cooling rate, had obviously lower hardness than the non-preheated weld in the as-welded condition. After PWHT at 482 C for 3 h, the preheated weld also exhibited considerably lower hardness than the non-preheated weld. In general, preheating at 300 C could effectively increase the NTS and impact toughness of Ti-6Al-6V-2Sn laser welds. The preheated weld in the as-welded condition had superior NTS to other welds being tested. On the other hand, the welds after PWHT at 704 C possessed the best resistance to unstable impact fracture, regardless of preheating. Usually, the coarse þ structures together with intergranular were responsible for the high NTS and impact toughness of the weld.
Introduction
The combination of excellent corrosion resistance and specific strength makes titanium alloys widely applicable to aerospace, marine and chemical industries. The mechanical and physical properties of þ titanium alloys can be controlled by altering the microstructures with processing and heat treatment. 1) Thermal treatment of Ti-6A1-4V in the þ field has been found to produce a marked increase in toughness, but it results in a slight loss in ductility and strength as compared to the mill-annealed Ti-6A1-4V. 2) In the and þ alloys, the acicular microstructure has been reported to have higher fracture toughness than the equiaxed structure.
3) It was also documented that the enhanced crack deflection associated with coarse lamellar structures accounted for the reduced fatigue crack growth rate of the material. 4, 5) High fracture toughness of Ti-4.5Al-3V-2Fe-2Mo (-stabilized þ alloy) has been found to be associated with coarsen acicular or plate-like structures. 6, 7) Laser welding is a well-established process for the joining of metals with low heat input, and it has been used to weld titanium alloys extensively for various applications. 8, 9) The fracture toughness of Ti-6A1-4V welds in the as-welded condition is shown to be superior to that of the þ processed parent metal. 10, 11) In contrast, the weld metal of Ti-6Al-6V-2Sn ( þ ) alloy exhibits low ductility and low fracture toughness. [12] [13] [14] With appropriate post-weld heat treatments (PWHTs), Ti-6Al-6V-2Sn welds can possess good ductility and a high fracture toughness. 14) High cooling rates in the welding of Ti-6Al-6V-2Sn alloy produces more and thinner plates in the microstructures, which accounts for the deteriorated toughness of the weld metal. 14) Meanwhile, the poor fracture toughness of Ti-6.5Al-1.9Zr-0.25Si electron beam welds results from poor energy absorption capacity of thin 0 and microstructures in the as-welded fusion zone. 15) After PWHTs, the coarsening of intragranular and intergranular has led to improved impact toughness of Ti-6Al-6V-2Sn welds. 13) It is known that the properties of engineering alloys can be changed with the presence of sharp notches. The increase in transition temperature or the ease of cracking/embrittlement can occur under notched tensile strain. To evaluate notch sensitivity of the weld metal, the fracture of laser welds can be confined within a narrow fusion zone by using doubleedge notched specimens. 16, 17) In previous studies, the use of such specimens completely reflects the notch brittleness of the laser welds under tensile loading. [17] [18] [19] The decreased hardness (improved ductility) results in reduced notch brittleness and improved impact toughness of the preheated Ti-4.5Al-3V-2Fe-2Mo weld, relative to the non-preheated weld. 20) It is reported that a high heat-input welding process to decrease cooling rate after welding will produce a ductile, tough, stress-corrosion resistant Ti-6Al-6V-2Sn weld with a small reduction in tensile yield and fatigue strength. 14) If a low heat-input process, likewise electron beam welding, is necessary, then PWHT at 757-867 C for 4 h will produce a weld with a tensile yield strength of 1010 MPa and a minimum fracture toughness of 1980 MPa ffiffiffiffiffiffiffiffi mm p . 14) In the present investigation, the improvement of notch brittleness of Ti-6Al-6V-2Sn laser welds was made via preheating at 300 C in laser welding and appropriate PWHTs. In addition, the notched tensile strength (NTS) and impact toughness were correlated with the microstructures and fracture characteristics of the Ti-6Al-6V-2Sn welds.
Material and Experimental Procedures
Ti-6Al-6V-2Sn alloy sheet of 4.0 mm thickness was used in the experiment, which was purchased from Supra Alloys Inc. in USA. The chemical composition of the alloy in weight C then air cooled to room temperature. The microstructures of the MB specimen consisted of a low percentage of at the boundaries of elongated grains, i.e., typically banded þ structures. 21) Tensile properties of the MB specimen included an ultimate tensile strength of 1117 MPa, yield strength of 1086 MPa and elongation of 20%.
All specimens were welded in the mill-annealed condition with a welding direction normal to the rolling direction. A CO 2 laser was utilized for autogenous bead-on-plate welding of Ti-6Al-6V-2Sn specimens in one pass. The processing parameters included a laser power of 2.7 kW and a travel speed of 800 mm/min. Helium was used as the plasmaassisted gas and argon was for the tail-shielding and backshielding gas to prevent the weld form air contamination at high temperature. The oxygen and nitrogen content of the weld metal were determined by O, N analyzer, and the results confirmed that the effective shielding prevented weld metal from air contamination during laser welding. The nonpreheated weld (NW) in the as-welded condition was named as the NW-AW specimen. In order to reduce the cooling rate and to assist the to transformation of the welds, some specimens were preheated at 300 C for 20 min; such welds were given ''PW'' prefixes for specimen designation. For example, a preheated weld in the as-welded (AW) condition was denoted as the PW-AW specimen. PWHTs were then carried out on both the PW-AW and NW-AW specimens in the temperature range of 482 to 704 C for 3 h in vacuum, followed by argon-assisted cooling to room temperature. To identify the preheated or non-preheated welds subjected to PWHTs at different temperatures, the numbers 482, 593, and 704 were attached to either ''PW'' or ''NW'', e.g., the PW-482 or NW-482 specimens represented the preheated or non-preheated welds with a PWHT at 482 C, respectively. A Vickers micro-hardness tester was utilized to determine the hardness of the weld metal in distinct welds under a load of 300 g. Double-edge notch specimens 16, 17) with the sharp notches located at the centerline of the weld metal were applied for notched tensile tests in this work. Notched tensile specimens (3.6 mm thick) with a notch tip radius of approximately 100 mm and a notch depth of 7.0 mm were prepared by an electro-discharge wire cutter. Notched tensile tests were carried out in laboratory air at a constant displacement rate of 1.0 mm/min. To assess the ability of the welds to resist unstable crack growth, Charpy impact tests of the welds (3.6 mm thick) were conducted at room temperature with a V-notch located at the centerline of the weld metal. The results of mechanical tests were reported as the average of at least three specimens for each testing condition. Tensile-fracture appearance for various specimens was examined by a scanning electron microscope (SEM), with attention paid to the location showing the changes in fracture features. For detailed microstructural observations, thin foil specimens were prepared by a standard jet-polisher and then examined with a transmission electron microscope (TEM). Figure 1 shows a typical cross section view of Ti-6Al-6V-2Sn laser weld. Due to the uneven heat dissipation and epitaxial growth during the solidification of the weld metal, the columnar grains on the top portion were generally coarser than those on the central portion of the weld. Preheating prior to the welding process caused insignificant changes in macroappearance of the weld shape. In the as-welded condition, the PW-AW and NW-AW specimens consisted of fine þ structures in the basket-weave form (Figs. 2(a) and (b) ). The differences in microstructures between the PW-AW and NW-AW specimens were the coarser acicular structure and the higher likelihood of finding grain boundary in the PW-AW specimen. Similar observations were also found in the PW-482 and NW-482 specimens. Coarsening of became more C, coarsening of in the martix and at the grain boundary was noticed (Figs. 2(e) and (f)). Moreover, the fine acicular in the PW-AW specimen was changed to plate-like after PWHT at 704 C, i.e., the PW-704 specimen. TEM microstructures of the PW-AW specimen revealed a bundle of acicular in the matrix (Fig. 3(a) ). The acicular in the weld metal of the PW-AW specimen was slightly greater in amount and coarser than that of the NW-AW specimen ( Fig. 3(b) ). Due to the coarse structure and presence of texture in the weld metal, the ratio of to in the weld was difficult to measure accurately with X-ray diffraction. However, microstructural observations clearly indicated that a lower cooling rate would enhance the coarsening of intergranular and intragranular in the preheated weld. It was expected that the content of phase in the PW-AW specimen was higher than that in the NW-AW specimen. This could account for the sluggish response to age-hardening during the PWHT of the PW-AW specimen, as shown in next section. Figure 4 displays the microhardness of the weld metal after various PWHTs, in which the difference in hardness between the PW-AW and NW-AW specimens can be as high as Hv 60. For Ti-4.5Al-3V-2Fe-2Mo laser welds in the as-welded condition, preheating was found to have little influence on the weld metal hardness. 20) In previous study on the Ti-4.5Al-3V-2Fe-2Mo welds, preheating enhanced the formation of grain boundary but had little effect on coarsening the microstructures. 20) The Ti-6Al-6V-2Sn laser welds in the preheated group had obviously coarser structures than those in the non-preheated group, which could account for the significant decline in hardness of the preheated welds at a given PWHT. Peak hardness was achieved with the PW-482 and NW-482 welds in the preheated and non-preheated groups, respectively, and the latter was considerably harder than the former. This could be attributed to the greater amount of retained in the NW-AW specimen, which led to an obvious precipitation-hardening in the subsequent PWHT at 482
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C. In the case of the welds with PWHT at or above 593 C, the difference in hardness between the preheated and non-preheated welds decreased, especially for those with PWHT at 704 C. It was deduced that a significant microstructure coarsening during PWHT at 704 C alleviated the differences in microstructures as well as hardness between the preheated and non-preheated welds. Figure 5 gives the NTS values of various specimens tested at room temperature. With the same PWHT, the NTS values of the preheated welds were considerably higher than that of the non-preheated welds, except for the welds which were post-weld heat-treated at 704 C. Moreover, the high NTS of the PW-AW specimen implied that the application of preheating was effective in reducing the notch brittleness of Ti-6Al-6V-2Sn laser welds. It was surprising that the welds with the PWHT at 593 C, i.e., the PW-593 and NW-593 specimens, had the lowest NTS among the welds in the preheated and non-preheated groups. The notch sensitivity of such welds could be explained by changes in fracture features. A remarkable increase in NTS was obtained for the specimens with the PWHT at 704 C. In addition, the similar microstructures and hardness of these specimens resulted in a small difference in NTS values between the PW-704 and NW-704 specimens. Figure 6 shows the variation of impact energy with PWHT temperatures of the welds. It clearly demonstrated that the application of preheating had the trend to improve the impact toughness of Ti-6Al-6V-2Sn laser welds. Similar to the notched tensile results, a substantial increase in impact energy was found for the welds with the PWHT at 704 C. In the non-preheated group, the NW-482 specimen possessed the lowest impact energy among the welds. Within the preheated group, the PW-482 and PW-593 specimens had nearly same impact energies. The impact values of the PW-482 and PW-593 specimens were considerable higher than the NW-482 and NW-593 welds, respectively. It was noted that the impact energy of the welds was significantly lower than that of the MB specimen (8.7 J) unless a PWHT at 704 C was performed. The PW-704 and NW-704 welds had impact values of about 9.5 J, slightly higher than the MB specimen, 8.7 J. Apparently, the coarse þ structures in the basketweave form of the PW-704 and NW-704 welds exhibited better resistance to unstable crack growth than the banded þ structures in the MB specimen. It was concluded that the presence of coarse plate-like in the matrix and thick grain boundary could increase the impact toughness of Ti-6Al-6V-2Sn welds greatly. For the welds subjected to PWHT at 704 C, the difference in microstructures between the PW-704 and NW-704 welds was minor. Consequently, the comparable NTS and impact values of these specimens were obtained. Figure 7 shows the macroscopic fracture appearance of the welds after notched tensile tests. Generally, the fracture appearance of the welds was rather rough and irregular as compared to that of the MB specimen. 21) This phenomenon resulted from the coarse structure in the weld metal. High plasticity is often associated with low notch brittleness, as demonstrated in notched tensile testing of the MB specimen. On the other hand, the welds with high notch brittleness exhibited wide and flat fracture in appearance. By comparing the fracture surface of the PW-AW and NW-AW specimens (Figs. 7(a) and (b) ), it was clear that the preheated weld possessed a wider range of shear fracture than the nonpreheated weld. The larger extent of shear fracture was consistent with the higher NTS of the PW-AW specimen. After PWHT at 482 C, the effect of age-hardening increased the extent of flat fracture. This was particularly clear in the NW-482 specimen (Fig. 7(d) ) as compared to the PW-482 specimen (Fig. 7(c) ). The distinction in shear fracture region also reflected the difference in NTS between the PW-593 (Fig. 7(e) ) and NW-593 (Fig. 7(f) ) specimens.
Notched tensile and impact tests
Marco-fracture appearance observations
Macro-fracture appearance of different laser welds after impact tests is shown in Fig. 8 . The MB specimen having the highest impact energy was accompanied with significant plastic deformation before final fracture. In the as-welded condition, the fracture surface of the preheated weld had larger slant fracture region ( Fig. 8(a) ) and higher impact energy than that of the non-preheated weld (Fig. 8(b) ). The increase in flat fracture region of the PW-482 and NW-482 welds (Figs. 8(c) and (d) ) resulted in lowered impact energies, particularly for the NW-482 specimen (Fig. 8(d) ). The PW-482 and PW-593 welds had a similar macro-fracture appearance, therefore, the comparable impact toughness between them. The NW-593 specimen also exhibited larger flat fracture regions and lower impact energy than the PW-593 specimen. For the welds subjected to PWHT at 704 C, the obvious increase in impact energy was found and could be related to the extensive slant fracture in the PW-704 and NW-704 specimens (Figs. 8(e) and (f) ). Figure 9 contains SEM fractographs of Ti-6Al-6V-2Sn laser welds. In general, the PW-AW and PW-482 specimens showed alike fracture features after notched tensile tests, i.e., transgranular dimple fracture and the likelihood of grain boundary shear ( Fig. 9(a) ). In the case of the NW-AW specimen, the separation or cracking along the interdendritic boundaries was often observed (Fig. 9(b) ). The trend of forming such interdendritic separations in the PW-AW specimen reduced in comparison with that in the NW-AW specimen. In fact, interdendritic separations were not seen in other welds. It was deduced that the occurrence of interdendritic separations in the NW-AW weld could be associated with the presence of little retained at interdendritic grain boundaries. 22) For the NW-482 specimen, the fracture appearance exhibited a predominantly transgranular fracture with fine dimples (Fig. 9(c) ). Fine acicular structures associated with high hardness in such a weld were responsible for the low NTS or high notch brittleness.
Fractographic examinations
For the PW-704 and NW-704 specimens, the coarsening of acicular and thickening of grain boundary greatly increased the NTS (decreased notch brittleness) of the welds. Transgranular coarse dimples inter-dispersed with grain boundary separations were observed in these welds ( Fig. 9(d) ). The reduced difference in hardness between the grain interior ( þ structures) and boundary () decreased the inclination to grain boundary shear as evident by examining the PW-704 welds. Moreover, a few smooth intergranular fractures were observed in the NW-704 specimen ( Fig. 9(e) ), which could be related to the lack of grain boundary in such grains. It was concluded that the deformability and fracture of notched tensile specimens would be strongly affected by the thickness of grain boundary and the coarsening of in the matrix. Both the PW-704 and NW-704 specimens exhibited high NTS and grain boundary shear on the fracture surfaces, as shown in Fig. 9(d) . It was evident that the occurrence of grain boundary shear was helpful to lower notch brittleness of Ti-6Al-6V-2Sn welds. On the other hand, the existence of fine þ structures without grain boundary , as shown in the NW-AW and NW-482 specimens, implied that the hardened matrix would have low ductility and facilitate cracking under straining. As a result, the NW-AW and NW-482 specimens, especially for the NW-482 specimen, showed low NTS values or high notch brittleness. Transgranular fracture with fine dimples could be seen on the entire fracture surfaces of the NW-482 specimen.
Under tensile loading, the difference in strength between the grain interior and boundary of notched specimens played a major role on the crack initiation site and NTS. The fracture was found occasionally along the inter-dendritic grain boundaries in the PW-593 specimen (Fig. 9(f) ) and along coarse columnar boundaries in the NW-593 specimen ( Fig. 9(g) ). As shown in Fig. 5 , the specimens with PWHT at 593 C possessed the lowest NTS among the specimens in either the preheated or non-preheated group. It was possible that the limited thickness of the grain boundary in the relatively hard matrix, particularly for the NW-593 specimen, restricted the deformation at grain boundaries or promoted premature failure therein during notched tensile tests. Such event was responsible for the lowest NTS or the highest notch brittleness among the specimens.
The fracture appearance of impact specimens was somewhat similar to that of notched tensile specimens. Normally, the preheated welds revealed mainly a transgranular dimple fracture with grain boundary shear. The dimple size of the preheated specimen was larger and deeper than that of the non-preheated specimens at a given PWHT. The impact fracture appearance of NW-482 specimen with low impact toughness showed predominantly fine and shallow dimples. Such fracture features were related to fine microstructures in the NW-482 weld. In comparison with the preheated welds at a given PWHT, the non-preheated welds had a higher tendency to form cracks along the coarse columnar boundaries. Under the impact loading, the NW-704 specimen was more likely to form intergranular dimple fracture ( Fig. 9(h) ), which could be due to the lack of grain boundary in certain grains. It was concluded preheating the Ti-6Al-6V-2Sn alloy at 300 C before laser welding could significantly increase the NTS and improve the impact toughness of the laser welds.
Summary
This study outlined the influence of preheating on the NTS and impact toughness of Ti-6Al-6V-2Sn laser welds with different PWHTs. The application of preheating lowered the hardness of the weld metal in the as-welded condition and also caused a sluggish response to age-hardening of the welds in the subsequent PWHT. This phenomenon was obvious particularly for the welds with the PWHT at 482 C. In comparison with the non-preheated welds at the same PWHT, the decreased hardness associated with an improved ductility of the preheated welds led to a great increase in NTS and impact toughness. Furthermore, the preheated weld in the as-welded condition, i.e., the PW-AW specimen, even had slightly higher NTS than the PW-704 specimen. On the other hand, the PW-704 specimen had the highest impact toughness among the specimens being tested. In general, the welds with high NTS and impact toughness had coarse intragranular þ structures, in addition to intergranular . Typical fracture features of such welds exhibited a transgranular dimple fracture together with grain boundary shear. Moreover, the fracture was observed along the inter-dendritic boundaries in the PW-593 specimen and along the coarse columnar boundaries in the NW-593 specimen. Such features implied the premature failure at the boundaries, and accounted for the lowest NTS of these welds in the preheated and non-preheated groups.
